In Vitro Measurement of Particle Margination in the Microchannel Flow: Effect of Varying Hematocrit  by Fitzgibbon, Sean et al.
Biophysical Journal Volume 108 May 2015 2601–2608 2601ArticleIn Vitro Measurement of Particle Margination in the Microchannel Flow:
Effect of Varying HematocritSean Fitzgibbon,1 Andrew P. Spann,3 Qin M. Qi,1,* and Eric S. G. Shaqfeh1,2,3
1Chemical Engineering, 2Mechanical Engineering, and 3Institute for Computational and Mathematical Engineering, Stanford University,
Stanford, CaliforniaABSTRACT It has long been known that platelets undergo margination when flowing in blood vessels, such that there is an
excess concentration near the vessel wall. We conduct experiments and three-dimensional boundary integral simulations of
platelet-sized spherical particles in a microchannel 30 mm in height to measure the particle-concentration distribution profile
and observe its margination at 10%, 20%, and 30% red blood cell hematocrit. The experiments involved adding 2.15-mm-diam-
eter spheres into a solution of red blood cells, plasma, and water and flowing this mixture down a microfluidic channel at a wall
shear rate of 1000 s1. Fluorescence imaging was used to determine the height and velocity of particles in the channel. Exper-
imental results indicate that margination has largely occurred before particles travel 1 cm downstream and that hematocrit plays
a role in the degree of margination. With simulations, we can track the trajectories of the particles with higher resolution. These
simulations also confirm that margination from an initially uniform distribution of spheres and red blood cells occurs over the
length scale of O(1 cm), with higher hematocrit showing faster margination. The results presented here, from both experiments
and 3D simulations, may help explain the relationship between bleeding time in vessel trauma and red blood cell hematocrit as
platelets move to a vessel wall.INTRODUCTIONThe nonuniform distribution of red blood cells (RBCs) and
platelets within a blood vessel is critical in the processes of
hemostasis and thrombosis (1,2). After suffering an injury,
subendothelial cells expose collagen, which recruits von
Willebrand factor (VWF) from the blood flow (3). Platelets
adsorb to the VWF, and then begin the formation of a
platelet plug, or thrombosis, stopping blood loss and begin-
ning the healing process (4). Thus, it is advantageous for
platelets to be concentrated near the vessel wall, where
they can quickly identify and respond to vessel wall injuries.
The platelet distribution is in turn controlled by the distribu-
tion of the more populous RBCs (5).
When subjected to pressure-driven flow, such as in the
microcirculation, RBCs are driven away from the wall and
toward the blood vessel core, a phenomenon first quantified
by Fahreus and Lindqvist (6). The evacuation of RBCs
leaves behind a small cell-free region of fluid in the near-
wall regime (7,8). Goldsmith and Marlow (9) provided an
explanation of this lateral migration by using a microscope
to observe RBCs in pressure-driven flow through 30- to
80-mm tubes. They found that under flow, the RBCs
deformed considerably from the biconcave shape, generally
aligning with the flow direction as the membrane rotated
about the cell body. This tank-treading configuration breaks
particle symmetry, and the cell climbs away from the wall.Submitted November 21, 2014, and accepted for publication April 9, 2015.
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0006-3495/15/05/2601/8 $2.00Gaehtgens and co-workers (10) observed similar shape
changes of RBCs using a traveling capillary method. Aarts
et al. (1) provided further confirmation for the cell-free re-
gion using a laser-Doppler technique to measure RBC con-
centration in 3-mm-diameter tubes. Suzuki and co-workers
(11) conducted experiments to show that cell-free layer
thickness decreased with decreasing cell deformability.
Because platelets occupy a small volume of whole blood,
platelet-platelet collisions are relatively rare, and RBC-
platelet collisions dominate the redistribution of platelets
in blood. The core of the channel is rich in RBCs, which
forced platelets to the outside of the vessel. Tangelder
et al. (12) and Woldhuis et al. (13) measured the distribution
of platelets in rabbit arterioles (vessel diameter 15–33 mm),
finding an excess of platelets near the wall. Aarts et al.
measured platelet distributions in significantly larger chan-
nels (3 mm), predicting that the largest platelet concen-
trations occurred at the cell wall. Eckstein et al. (14)
theorized that platelet movement could be modeled with
an ad hoc drift term superimposed on a diffusive model.
They investigated this theory with a series of in vitro exper-
iments, finding good agreement between experiments and
theory for larger chambers (channel diameter >200 mm)
(14,15). In contrast to Aarts et al., Eckstein predicted a
maximum platelet concentration slightly removed from
the vessel wall. Tokarev built a mathematical model to study
the platelet distribution profile and examined the finite size
effect on platelet margination (16). While they were re-
searching platelet margination at elevated shear stresses,http://dx.doi.org/10.1016/j.bpj.2015.04.013
FIGURE 1 Experimental setup: when constant pressure is applied, blood
is driven from one reservoir to another. The flow is approximately two-
dimensional, with a 30 mm height. Slices of the channel are imaged, and
in-focus particles are counted to build concentration profiles. To see this
figure in color, go online.
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and Eckstein agreed with the data, depending on the exper-
imental resolution in the near-wall region. Uijttewaal and
co-workers (18) studied the distribution of platelets and
RBCs in a 100 mm channel, making contact with lateral
migration theories in the dilute limit, and Xu and Wootton
investigated platelet concentration in the near-wall region
of tubes with an inner diameter of 3 mm by diverting a small
portion of the flow (19).
Moreover, there has been substantial interest in simula-
tion of platelet distribution, especially as modern computers
have enabled simulations to begin accessing physiologically
relevant regimes. Pozrikidis (20) conducted oblate spheroid
simulations to explain the lack of platelet lift velocity near a
wall relative to that of RBCs. To handle suspensions, Crowl
and Fogelson (21) used two-dimensional numerical simula-
tions of RBCs and platelets. They found a very large shear-
induced platelet diffusivity (106 mm2/s) in the channel core
that dropped quickly to zero at the channel wall. Zhao et al.
(22) built a three-dimensional simulation including RBCs
and platelets. They found that the third dimension reduced
the platelet diffusivity by an order of magnitude, but the
shear-induced diffusivity still dominated Brownian motion.
Furthermore, Zhao et al. discovered the platelet drift veloc-
ity, as originally predicted by Eckstein et al. (14), and they
found that platelets and platelet-sized spheres showed very
similar diffusive behavior. Kumar and Graham (23,24) con-
ducted 3D boundary integral simulations of suspensions of
deformable objects and found that margination depended
on size and rigidity. Vahidkhah et al. (25) also conducted
3D simulations examining the contribution of platelet diffu-
sivity and drift velocity to margination in blood flow. There
are many other additional notable research efforts on the
topic of platelet migration (26–30).
Although the aim in the aforementioned experiments was
to observe the platelet margination pheonomenon under the
influence of RBCs, they failed to consider how platelet
concentration distribution evolves over time, especially
how fast margination comes to completion. Since blood is
typically shaken after being drawn from human bodies,
margination distance is valuable information for designing
microfluidic devices. Also, the effect of hematocrit has not
been studied carefully due to the resolution limit for
small-sized channels, even though RBCs play a key role
in platelet margination. Simulations have already provided
answers to these questions, and they prompt us to revisit
the experiments and compare the results to simulation
results. In this work, we start with well-mixed blood and
use fluorescence microscopy to measure the distribution of
platelet-sized (2.15 mm diameter) microspheres in blood
flowing through an in vitro 30 mm capillary tube at different
distances downstream and to investigate the effect of vary-
ing hematocrits. We demonstrate that the spheres marginate
to the walls, as expected, and the rate of margination is in
agreement with the predictions of Zhao et al. (22). Further-Biophysical Journal 108(10) 2601–2608more, these microspheres marginate closer to the wall at
higher hematocrits, which was seen previously only in sim-
ulations. The experimental procedure, including blood prep-
aration, experimental setup, and image analysis, is described
in Materials and Methods. Two experiments are described.
In the first, particle tracking is used to estimate wall shear
rates. The second experiment uses the aforementioned re-
sults to apply a known experimental shear rate and then
measures the distribution of 2.15 mm spherical particles in
blood. This is followed by the Results section, and the
article concludes with a short analysis of our findings.MATERIALS AND METHODS
Experiment
Blood preparation
Whole blood with anticoagulant heparin was first obtained from the Stan-
ford Blood Center (Menlo Park, CA). The blood was centrifuged at
5000  g for 5 min (Microfuge 18, Beckman Coulter, Krefeld, Germany),
separating blood into plasma, buffy coat, and RBCs. Using pipettes, the
plasma and RBCs were recombined in known concentrations, and a solution
of distilled water and fluorescent polystyrene particles was added. The final
solutions had hematocrits of 10%, 20%, or 30%, as desired. Lipowsky et al.
(31,32) found that 30 mm channels generally have a hematocrit of 16–20%,
so 10% hematocrit is a low value, whereas 30% is very high. Distilled water
comprised 40% of the solution, and the remainder was plasma. The polysty-
rene particles constituted 0.008% w/v (2.15 mm diameter, excitation
660 nm, emission 700 nm; Fluorescent Sky Blue particles, Spherotech,
Lake Forest, IL).
Experimental setup
The experimental setup is shown in Fig. 1. The channel was prepared
from rectangular capillary tubes (30 mm  300 mm  5 cm; VitroCom,
FIGURE 3 Image analysis procedure. Clockwise from upper left, the
background is removed, the image is Fourier filtered, a binary threshold
is applied, and particles are tentatively identified. Using the background-
removed image, the tentative particle positions are compared to Gaussian
functions to decide which regions are true particles.
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were epoxied onto each end. One reservoir was attached to a syringe and
pressure gauge (200 series low-pressure diaphragm pressure gauge,
Noshok, Cleveland, OH) and the other was open to the atmosphere. The
capillary flow rate was controlled by varying the syringe pressure.
An epifluorescent microscope (Eclipse TE300, Nikon, Tokyo, Japan)
was used to image the flow chamber through a 60 oil objective (Nikon
Plan Apo TIRF 60/1.45 oil). The images were recorded with a charge-
coupled device camera (Cascade 512B, Photometrics, Tucson, AZ) at
10 frames/s, and the system was illuminated with a red laser (660 nm;
Stradus 660, Vortran, Sacramento, CA). To avoid significant particle streak-
ing in the images, the laser was pulsed for 0.5 ms (velocity experiment) or
2 ms (particle distribution experiment) for each image. The camera expo-
sure and laser pulse were synchronized using a pulse generator (Sapphire,
Quantum Composers, Bozeman, MT) and in-house software built with
libUSB and pySerial.
Image analysis
During each experiment, images were captured as 100 image tiff stacks.
First, the background was extracted as the median of 100 images. The me-
dian was chosen as it was less sensitive to outliers such as fluorescing par-
ticles. If the mean was used, particle ghosts would have appeared in the
background. The background served two purposes. First, for the shear-
rate calibration experiments, the channel wall was identified using Canny
edge detection followed by a Hough line transform. The particles flowed
parallel to the channel wall, so identifying the wall gave extra orientation
information for further particle processing. Second, the background was
subtracted from each image to reduce the constant image noise. A sample
background is shown in Fig. 2.
After removing the background, the images were run through a Fourier
band-pass filter. Both high and low wavelengths were removed during
this step. The removal of low frequencies reduced both the remaining
wall signal and blurred particles, whereas removal of high frequencies
reduced general noise. Next, a binary threshold was applied to the image,
and candidate particles were identified. Finally, the possible particle loca-
tions in the prethreshold image were compared to a Gaussian to decide
whether or not each identified region was a particle. A schematic of the gen-
eral image analysis process is shown in Fig. 3.FIGURE 2 Sample background extracted as the median of a 100 image
tiff stack (10 objective). The channel walls are 300 mm apart and clearly
visible. The bright spot at lower left is a particle stuck to the channel wall
throughout the experiment, and the smudges are small dust particles outside
the channel.Shear-rate calibration
The channel was first flushed with hexane for 1 min to minimize air bubble
formation and reduce nonspecific adhesion along the channel wall. Next,
blood was forced through the channel at a known pressure. For this series
of experiments, depth resolution was less important, so a 10 objective
(Nikon Plan Fluor 10) was used to increase the field of view. The focal
plane was set at approximately the channel center, but all particles
(including out-of-focus particles) were clearly visible and readily localized.
For each image, the camera exposure time was set at 100 ms. The laser only
illuminated the channel for a fraction of that time. At t ¼ 0, the laser was
turned on for 0.5 ms, and the laser was turned on again at t ¼ Dt for
0.5 ms. The time interval, Dt, was set to 5 ms, 10 ms, or 20 ms, depending
on the Ht and pressure drop. Thus, discounting edge cases and immobile
(wall adsorbed) particles, each particle appeared twice per image, once at
the beginning of the exposure, and once after time Dt.
An unprocessed sample image is shown in Fig. 4, along with the results of
image processing. Most particles appear as pairs, but two particles (top left
and bottom left) did not move during the exposure. These particles were
most likely attached to the channel walls. After processing the particles
and identifying tentative particle locations, a pair probability matrix was
formed. Particle images were more likely to be paired if their vector separa-
tion was parallel to the channel wall and the particle images were closer
together. The particles were paired by extracting the matrix maxima, and
the particle velocities were calculated as the separation distance over Dt.FIGURE 4 An unprocessed shear-rate calibration image is shown at left,
with the processed form at right. There are two images for each exposure, so
particle velocity is directly related to the particle image separation. Correct
particle pairing for most of the images is shown at right. The two particles
without pairs were stuck on the channel wall.
Biophysical Journal 108(10) 2601–2608
2604 Fitzgibbon et al.As can be seen in Fig. 4, many of the particles were correctly paired,
although two particle pairs were missed at the top. These particles were
dimmer as a result of uneven laser illumination, and the thresholding step
removed them from the image. False particle matches (none in Fig. 4)
accounted for ~3% of total matches, but the affect of false matches was
mitigated by removing the fastest and slowest particles from further data
processing (fastest 10% and slowest 5%). In general, the false matches
predicted very fast particles, whereas very slow particles were sometimes
difficult to distinguish from adsorbed particles.
Particle distribution
Once again, the channels were first flushed with hexane for 1 min to avoid
air bubbles and reduce wall adhesion. Using information from the shear
calibration experiments, a constant pressure was applied to create a wall
shear rate of 1000 s1. For this experiment, focal depth was critical, so a
60 objective was used (estimated focal depth,z2 mm). Images of parti-
cles in focus and out of focus are shown in Fig. 5, which also shows that the
current setup is capable of distinguishing an in focus particle from a particle
out of focus by 2 mm. Thus, all particles above or below the focal plane
by <2 mm were considered to be in focus.
At the beginning of the experiment, the focal plane was placed at the
bottom of the channel. One hundred images were taken, and the objective
was raised by 2 mm, which raised the focal plane by z1.8 mm. Then,
100 more images were taken, and the process was repeated until half of
the 30 mm channel had been imaged. The entire process was repeated
three times at three different locations along the channel. Images were taken
at 1, 2, and 3 cm from the inlet. Zhao et al. (22) predicted characteristic
margination length scales of 2 cm and 1 cm for Ht ¼ 10% and Ht ¼
20%, respectively, so the particle distributions were expected to show
further margination at 2 cm and 3 cm. The experiment was repeated for
blood solutions with Ht of 10%, 20%, and 30%.Numerical methods
The 3D simulations solve boundary integral equations for Stokes flow (33).
1þ l
2
u 1 l
8p
Kuþ 1
8pm
NEfF ¼ uN; (1)
1 ddA
0 ¼ VD  u ¼
dA dt
; (2)
where the single- and double-layer kernels N and K are defined as
ðNEf FÞjðx0Þ ¼
Z
Ef FiðxÞGijðx; x0ÞdSðxÞ (3)
Z
ðKuÞjðx0Þ ¼ uiðxÞTijkðx; x0ÞnkðxÞdSðxÞ; (4)FIGURE 5 Particles in varying degrees of focus are shown, with Z repre-
senting the vertical distance between the particle and the focal plane. The
focal depth was estimated to be 2 mm.
Biophysical Journal 108(10) 2601–2608and G and T are the fundamental Green’s function solutions for the Stokes-
let and stresslet with periodic boundary conditions (34). The smooth parti-
cle mesh Ewald sum technique (35) is used to accelerate the simulation.
The details of the simulation are identical to those in the Zhao study (22)
unless specified otherwise, with the most notable difference being the
replacement of discocyte-shaped platelets with rigid spheres that are spread
uniformly in the initial distribution to more closely match the experimental
conditions.
The simulation consists of a suspension of RBCs and rigid spheres. RBCs
have a shear elasticity modeled by the Keller-Skalak law (36):
WS ¼ ES
2

1
2
I22 þ I1  I2

þ ED
8
I22 : (5)
Here, the strain invariants I1 and I2 are defined in terms of the principal
strains l and l as1 2
I1 ¼ l21 þ l22  2 (6)
andI2 ¼ l21l22  1: (7)
The bending energy is computed by the edge bending formulation as used in
Dao (37), Pozrikidis (20)WB ¼
X
e
2
ﬃﬃﬃ
3
p
EB½1 cosðbe  b0Þ; (8)
where EB is the RBC bending modulus, e represents an edge in the mesh,
and b is the dihedral angle formed between adjacent mesh triangles thate
share edge e.
Meshes for each RBC and for each rigid sphere have 1280 triangles. Us-
ing the value for RBC volume of V¼ 94 mm3 (21), we therefore nondimen-
sionalize lengths by the equivalent radius a ¼ 2:82 mm of an RBC. In these
nondimensional terms, the channel has height 10.6 (30 mm in dimensional
units, the same height as in the experiment), periodic length 16 (45 mm), and
periodic width 9 (25 mm). Spheres have diameter equivalent to 2.15 mm to
match the xperiment. The nondimensional etimescale is determined by
setting the plasma viscosity, m ¼ 1:2 mPa s, nondimensionalized to 1.
The capillary number Ca ¼ m _ga=ES is set to make the characteristic wall
shear rate _g ¼ 1000 s1, i.e., the value in experiments. The relationship be-
tween capillary number and wall shear rate varies slightly with hematocrit.
For hematocrits of 10%, 20%, and 30%, a shear rate of _g ¼ 1000 s1 is
achieved at Ca ¼ 0:41; 0:36; 0:30, respectively.RESULTS
Shear-rate calibration
Shear experiments were performed at Ht ¼ 10%, 20%, and
30%. The observable quantity was particle velocity. During
a single experiment, multiple particle velocities were
measured, and a velocity histogram was formed. One
example is shown in Fig. 6, along with the distribution for
point particles in pressure-driven flow of a Newtonian fluid.
As expected, there is some deviation from the parabolic
flow-velocity profile. There are two physical reasons for
the differences. First, blood is non-Newtonian, and its veloc-
ity profile is expected to be blunted compared to a parabola.
(38,39). Second, the particles were not uniformly distributed
throughout the channel when measured. These data were
taken at approximately 0.6 cm from the channel inlet (as
FIGURE 6 Particle velocity distribution (Ht ¼ 10%, DP ¼ 0.3 psi). The
fastest particles (10%) and slowest particles (5%) were removed to reduce
image processing errors. The Poiseuille profile was built by assuming two-
dimensional parabolic flow with maximum velocity matched to the
maximum observed particle velocity (vertical dotted line). To see this figure
in color, go online.
FIGURE 8 Simulation predictions for the relationship between average
velocity and wall shear rate. To see this figure in color, go online.
Measuring Particle Margination in Blood 2605far upstream as possible), and reasonable margination was
expected over this length scale.
Once the particle velocities were measured, the mean
velocity was calculated. Since the slowest and fastest parti-
cles were removed, the mean was relatively insensitive to
outliers. The experiment was repeated for several different
Ht and DP, and the results are shown in Fig. 7. The 10%
Ht and 20% Ht show similar pressure-velocity curves. How-
ever, at 30% Ht, significantly higher pressures were required
to drive a given average velocity because of the increased
effective viscosity. In all of our experiments, the 30% he-
matocrit case, which is very concentrated physiologically,
showed qualitatively different behavior from the lower
hematocrit cases.
Fig. 7 gives an experimental correlation between pressure
drop and average velocity, but wall shear rate is actually the
quantity of interest here. To produce a correlation between
average velocity and shear rate, large-scale numeric simula-
tions, as described by Zhao et al. (22), were used. Fig. 8FIGURE 7 Average particle velocity at various Ht and driving pressure
force. The data sets were fit with least-squares linear regressions. To see
this figure in color, go online.shows the resulting correlation between velocity and shear
rate. As expected based on its having the most significant
bluntness in the velocity profile, the 30% Ht line is the steep-
est. By combining the results of Figs. 7 and 8, we found that
pressure drops of 0.5 psi, 0.5 psi, and 1.2 psi, and capillary
numbers of 0.41, 0.36, and 0.3 led to wall shear rates of
1000/s for Ht ¼ 10%, 20%, and 30%, respectively.Particle distribution
Zhao et al. (22) predicted that particles marginate over a
length scale of huiðH=4Þ2=Dz, where Dz is the diffusivity
induced by RBC collisions. Using the diffusivities reported
in Zhao et al. along with the experimental parameters,
the margination length scale in our experiments should be
1.8 cm and 1.3 cm for 10% Ht and 20% Ht, respectively.
The particle distributions measured from experiments (aver-
aged over three runs) and compared to simulation are shown
in Fig. 9 for 10% Ht (for 20% Ht, see Fig. 12). In this case,
the particles marginated to the wall within 1 cm of the chan-
nel inlet. The distributions measured at 2 cm and 3 cm fromFIGURE 9 Distribution of 2-mm-diameter spherical particles in a 30 mm
channel (Ht ¼ 10%). To see this figure in color, go online.
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FIGURE 11 Snapshot of large-scale simulation used to estimate particle
distribution at a distance of 1.3 cm from the inlet (Ht ¼ 10%, Ca ¼ 0.41).
To see this figure in color, go online.
2606 Fitzgibbon et al.the inlet show similar levels of margination, indicating that
the measured margination length scale was comparable to
that predicted by Zhao et al. (22) Due to the limitations
of the experimental setup, we did not measure the particle
distributions within 1 cm of the inlet. However, simulation
shows that margination is completed at ~1 cm. The corre-
sponding simulation snapshots are shown in Figs. 10 and
11. Since we set a low error tolerance for the flow solver,
the simulation took 45 days to evolve to 1.3 cm, and thus,
we did not simulate margination to 2 cm and 3 cm from
the inlet for a direct comparison to the experiment. How-
ever, since both experiment and simulation have apparently
reached full margination at 1 cm, the particle distributions
at 2 and 3 cm are expected to be similar.
The results for 20% Ht (Fig. 12) are similar to the 10% Ht
results. Once again, the particles marginated to the wall
within 1 cm of the channel inlet, and no significant further
margination occurred over the next 2 cm during the experi-
ment. The simulation results (Figs. 13 and 14) show that full
margination occurs by 0.8 cm, which is faster than for the
10% Ht case. Experimental results again match simulation.
The cell-free layer was signifantly smaller at higher hemat-
ocrit, as expected from the results of Narsimhan et al. (40)
Since the spheres marginated into the cell free layer, the
concentration peak near the wall was larger for 20% Ht
than for 10% Ht.
The experiments for 30% Ht (physiologically a very high
hematocrit) were qualitatively different from the lower-
hematocrit experiments. As explained before, a much higher
pressure was required to drive the same shear rate (see
Fig. 7), and the linear relationship between pressure drop
and velocity was lost over the timescale of a margination
experiment. As time passed, clots began to form along the
channel walls, significantly altering the flow profile and
making data analysis more difficult. Besides altering the
position of the channel wall, the clots effectively created
a yield stress, with low pressure drops leading to stagnant
flow. To reduce clot formation, the pressure was periodicallyFIGURE 10 Snapshot of large-scale simulation used to estimate particle
distribution at a distance of 0.01cm from the inlet (Ht ¼ 10%, Ca ¼ 0.41).
To see this figure in color, go online.
Biophysical Journal 108(10) 2601–2608spiked to 5 psi, flushing partial clots. A sample run is shown
in Fig. 15 along with simulation results at the same hemat-
ocrit. Although the simulation shows that full margination
occurs as early as 0.6 cm (Fig. 15), the experiment does
not show evidence of margination, in contrast to our exper-
iments at 10% and 20% Ht. We might have lost some of the
original anticoagulant after separation and remixing of
blood. Although clotting could possibly be avoided by add-
ing more anticoagulant, the experimental results are still
valuable for showing the consequence of using higher-
than-usual hematocrit, especially as a warning against using
whole blood in capillary-sized channels.CONCLUSIONS
Numerous authors have used simulations and theory to pre-
dict margination based on size and deformability of objects
in a suspension of RBCs (14,16,22,25), particularly in the
simple shear regime. We used fluorescence microscopy
with particle tracking to experimentally measure the degree
of margination of a suspension of RBCs and spheres in a
30 mmmicrochannel in pressure-driven flow. The conditions
of these experiments were recreated in a 3D boundary inte-
gral simulation with deformable RBCs and rigid spheres.FIGURE 12 Distribution of 2-mm-diameter spherical particles in a 30 mm
channel (Ht ¼ 20%). To see this figure in color, go online.
FIGURE 13 Snapshot of large-scale simulation used to estimate particle
distribution at a distance of 0.01cm from the inlet (Ht ¼ 20%, Ca ¼ 0.36).
To see this figure in color, go online.
FIGURE 15 Distribution of 2-mm-diameter spherical particles in a 30 mm
channel (Ht ¼ 30%). To see this figure in color, go online.
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spheres have marginated to a distance of within 5 mm of
the wall in the 30 mm channel. The spheres remain closer
to the wall at 20% RBC Ht than at 10% Ht. At 30% Ht,
the effective viscosity of the suspension increases and clots
form in the microchannel, making the experiment drasti-
cally different from those at lower hematocrit. Biologically,
the expected hematocrit in a 30 mm vessel is 16–20%
(31,32).
Our simulations allow a high-resolution examination of
the margination process. Thus, we can examine the distance
of individual spheres above the wall with more precision
through simulation than through the coarse binning allowed
by experiment. The simulations confirm that the degree of
margination observed in the experiments is as expected.
Since the channel height is an order of magnitude larger
than the radius of the RBCs, full margination requires
O(1 cm). In actual blood vessels, we would expect
numerous branches to occur over this length, having a sig-
nificant effect on the flow, and therefore we have proven
that branching plays a significant role in margination in
the microcirculation. On the other hand, the marginationFIGURE 14 Snapshot of large-scale simulation used to estimate particle
distribution at a distance of 0.8 cm from the inlet (Ht ¼ 20%, Ca ¼ 0.36).
To see this figure in color, go online.distance we found in straight conduits is useful for guiding
the design of biomedical devices and diagnostics. Once
blood is drawn and gently shaken to prevent sedimentation,
it takes 1 cm for platelets in straight bound flow to reestab-
lish the margination profile.AUTHOR CONTRIBUTIONS
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